Semiconductor nanowires have opened new research avenues in quantum transport owing to their confined geometry and electrostatic tunability. They have offered an exceptional testbed for superconductivity, leading to the realization of hybrid systems combining the macroscopic quantum properties of superconductors with the possibility to control charges down to a single electron.
Introduction
Majorana modes are zero-energy quasiparticles emerging at the boundary of a topological superconductor [1] [2] [3] . Following proposals for their detection in a semiconductor nanowire coupled to a superconductor 4, 5 , several electron transport experiments reported characteristic Majorana signatures [6] [7] [8] [9] [10] [11] [12] [13] [14] . The prime challenge to strengthen these signatures and unravel the predicted topological properties of Majoranas is to reduce the remaining disorder in this hybrid system. Disorder can mimic zero-energy signatures of Majoranas [15] [16] [17] [18] [19] , and results in states within the induced superconducting energy gap 20 , the so-called soft gap, which renders the topological properties experimentally inaccessible 21, 22 . The soft gap problem is attributed to the inhomogeneity of the hybrid interface 20, [23] [24] [25] and has been overcome by a recent demonstration of epitaxial growth of Al superconductor on InAs nanowires 23 , yielding a hard gap -a strongly reduced density of states within the induced superconducting gap.
However, the Al-InAs nanowire system still contains residual disorder showing up in transport as unintentional quantum dots 13, 23 , a common observation in many previous instances of hybrid nanowire devices 9, 18, 19 . As an alternative material system, we have further developed the combination of InSb nanowires with NbTiN as our preferred choice of superconductor 6 .
InSb is in general cleaner (i.e. higher electron mobility [26] [27] [28] [29] ) than InAs. Moreover, InSb has a ∼ 5 times larger g-factor, bringing down the required external magnetic field needed to induce the topological phase transition. Our preference for NbTiN relies on its high critical magnetic field exceeding 10 Tesla.
Here, we show ballistic superconductivity in InSb semiconductor nanowires. Our structural and chemical analyses demonstrate a high-quality interface between the InSb nanowire and a NbTiN superconductor. The high-quality interface enables ballistic transport manifested by a quantized conductance for normal carriers, and a strongly enhanced conductance for Andreev-reflecting carriers at energies below the superconducting gap. Our numerical analysis indicates a mean free path of several µm, implying ballistic transport of Andreev pairs in the proximitized nanowire. Finally, tunneling conductance reveals an induced hard gap with a significantly reduced density of states. These results constitute a substantial improvement in induced superconductivity in semiconductor nanowires, and pave the way for disorder-free Majorana devices.
Results
Hybrid nanowire devices and their structural analysis. We report on five devices with different geometries all showing consistent results. An overview of all the devices is given in Supplementary Fig. 1 . Fig. 1a and b show a nanowire device consisting of a normal contact (Au), a nanowire (InSb) and a superconducting contact (NbTiN). This device was first measured at low temperature showing high-quality electron transport (data discussed below). After, the device was sliced open (using focused ion beam) and inspected sideways in a transmission electron microscope (TEM). The hexagonal facet structure of the nanowire is clearly visible (Fig. 1c and Supplementary Fig. 2 ). Except for the bottom facet that rests on the substrate, the polycrystalline superconductor covers the nanowire all around without any visible voids.
The precise procedure for contact realization is extremely important (see Ref. 25) . First, the native oxide at the InSb surface is wet-etched using a sulfur-based solution followed by an argon etch of sufficiently low-power to avoid damaging the InSb surface (see Methods).
The inclusion of sulfur at the interface results in band bending with electron accumulation near the surface of InSb 30 (see Supplementary Fig. 3 ). Superconducting film deposition starts with NbTi, a reactive metal whose inclusion as a wetting layer is crucial to create a good electrical contact. Fig. 1d shows that our cleaning procedure only minimally etches the wire and the InSb crystalline properties are preserved after the deposition (details in Supplementary Fig. 2 ). We detect a thin segregation layer (∼ 2 nm) between the polycrystalline NbTi and single crystalline InSb. The chemical analysis ( Fig. 1e and f) shows a material composition in agreement with our deposition procedure. More importantly, the inclusion of sulfur is clearly visible at the interface whereas the original native oxide is completely absent.
Ballistic Transport. The high-quality structural properties in Fig. 1 result in largely improved electronic properties over the previous instances of hybrid nanowire devices. Fig.   2a shows the differential conductance dI/dV while varying the bias voltage V between the normal and superconducting contacts, and stepping the gate voltage V gate applied to the global back gate (Fig. 1b) . We first of all note that throughout the entire gate voltage range in Fig. 2 an Andreev enhancement in the plateau region. Fig. 2e shows a similar trace from another device where the enhancement in G s reaches 1.9 × 2e 2 /h, very close to the theoretical limit:
an enhancement factor of 2 in the case of a perfect interface. Finally, we note the dip in subgap conductance G s following the Andreev enhancement, observed both in Fig. 2d and e. The combined enhancement and dip structure provides a handle for estimating the remaining disorder by a comparison to theory, as discussed below.
Theoretical simulation. We construct a tight binding model of our devices ( Fig. 3a) and numerically calculate the conductance using the Kwant package 33 (see Methods for details).
In Fig. 3b we plot the conductance traces obtained from the simulation for different disorder strength corresponding to varying mean free paths l e . The calculated subgap conductance reproduces the dip structure observed in the experiment. We find that the dip is caused by mixing between the first and the second subband due to residual disorder (see Supplementary   Fig. 4 ). Even for weak disorder, subband mixing is strongly enhanced near the opening of the next channel, due to the van Hove singularity at the subband bottom. Hence, the Andreev conductance will generically exhibit a dip close to the next conductance step, instead of a perfect doubling. Fig. 3c shows the measured subgap conductance G s and above-gap conductance G n for a device with a particularly flat plateau. Comparing Fig. 3b and c, we find good agreement for a mean free path of several µm. This implies ballistic transport of Andreev pairs in the proximitized wire section underneath the superconductor, whose length far exceeds the length of the non-covered wire between the contacts (see also Supplementary   Fig. 5 ). Andreev enhancement allows for extracting mean free paths greatly exceeding the non-covered wire section since the subgap conductance is sensitive to even minute disorder in the proximitized wire section -a new finding of our study. This sensitivity is due to the quadratic dependence of the subgap conductance on the transmission probability (introduced below). In Fig. 3d and e we compare a conductance measurement similar to the one in Fig.   2a with the simulation of a ballistic device. The overall agreement indicates a very low disorder strength for our devices.
Hard superconducting gap. The theory for electronic transport from a normal conductor via a quantum point contact to a superconductor was developed by Beenakker 31 . The subgap conductance is described by Andreev reflections 32 , and for a single subband given
The gate voltage dependent transmission probability T can be extracted from the measured above-gap conductance, given by G n = 2e 2 /h × T . Fig. 4a shows excellent agreement between the calculated and measured subgap conductance up to the point where the measured Andreev enhancement is reduced due to subband mixing. The highest transmission probability obtained from Andreev enhancement sets a lower bound on the interface transparency. Our typical enhancement factor of 1.5 ( Fig. 2d and 3c ) implies an interface transparency ∼ 0.93 and our record value of 1.9 ( Fig. 2e) gives a transparency larger than 0.98 (see Measurement setup and data analysis in Methods).
The comparison between G s versus G n can be continued into the regime of an increasing tunnel barrier. Fig. 4b and c show traces of dI/dV for successively lower conductances.
The subgap conductance suppression reaches G s /G n ∼ 1/50, a value comparable to the results obtained with epitaxial Al 23 . A comparison between the measured subgap conductance and Beenakker's theory (without any fit parameters) is shown in Fig. 4d . The excellent agreement over three orders of magnitude in conductance implies that the subgap conductance is very well described by Andreev processes and no other transport mechanisms are involved 23, 24 . The lowest conductance (∼ 5 · 10 −4 × 2e 2 /h) reaches our measurement limit, causing the deviation from theory. The inset to Fig. 4b shows how the subgap conductance increases when applying a magnetic field. Finally, in Supplementary Fig. 6 we show the magnetic field dependence of the induced gap and Andreev enhancement for a magnetic field along the nanowire axis. We again find a subgap conductance increasing with magnetic field, and an Andreev enhancement vanishing at a magnetic field (< Measurement setup and data analysis. All the data in this article is measured in a dilution refrigerator with a base temperature around 50 mK using several stages of filtering.
The determination of the Andreev enhancement factor depends sensitively on the contact resistance subtracted from the measured data. In all our analysis we only subtract a fixedvalue series resistance of 0.5 kΩ solely to account for the contact resistance of the normal metal lead. This value is smaller than the lowest contact resistance we have ever obtained
for InSb nanowire devices 27 , which makes the values for the interface transparency a lower bound.
Structure characterization. The cross-section and lamella for TEM investigations were prepared by focused ion beam (FIB). FIB milling was carried out with a FEI Nova Nanolab 600i Dualbeam with a Ga ion beam following the standard procedure 37 . We used electron induced Co and Pt deposition for protecting the region of interest and a final milling step at 5 kV to limit damage to the lamella. High-resolution TEM (HRTEM) and scanning TEM analyses were conducted using a JEM ARM200F aberration-corrected TEM operated at 200 kV. For the chemical analysis, energy-dispersive X-ray (EDX) measurements were carried out using the same microscope equipped with a 100 mm 2 EDX silicon drift detector (SSD).
Characterization of NbTiN. Our NbTiN films are deposited using an ultrahigh vacuum AJA International ATC 1800 sputtering system (base pressure ∼ 10 −9 Torr). We used a Nb 0.7 Ti 0.3 wt. % target with a diameter of 3 inches. Reactive sputtering resulting in nitridized NbTiN films was performed in an Ar/N 2 process gas with 8.3 at. % N 2 content at a pressure of 2.5 mTorr using a DC magnetron sputter source at a power of 250 Watts. An independent characterization of the NbTiN films gave a critical temperature of 13.3 K for 90 nm thick films with a resistivity of 126 µΩ·cm and a compressive stress on Si substrate.
Details of the theoretical simulation. The system is described by the spin-diagonal
Bogoliubov-de Gennes Hamiltonian
acting on the spinor Ψ = (ψ e+ , ψ e− , ψ h− , −ψ h+ ) T . The Pauli matrices act on the electron-hole degree of freedom. Potential in the nanowire is described by V (x, y, z) =Ṽ qpc (y)+V D (x, y, z), whereṼ qpc (y) describes a quantum point contact given bỹ
Here Y QPC is the centre position of the barrier (Fig. 3a) . Barrier width is W = 60 nm, and the barrier height is controlled by V QPC . The softness of the barrier is given by λ which we take 5 nm. V D (x, y, z) accounts for disorder, which is modelled as a spatially varying potential with random values from a uniform distribution within a range [−U 0 , U 0 ] where amplitude U 0 = 3π/l e m * 2 a 3 is set by mean free path l e .
We approximate the superconductor covering the wire by a layer of non-zero ∆ for (x 2 +z 2 ) > R and y > L N and z > −R. The huge wave vector difference in the superconductor and semiconductor cannot be captured in a numerical simulation of a three-dimensional device. Hence, to capture the short coherence length in the superconductor, we take a superconducting shell of thickness R S = 10 nm and ∆ = 200 meV. We then tune the induced gap to be close to the experimental value (∼ 0.5 meV) by reducing the hopping between the semiconductor and the superconductor by a factor of 0.8.
The transport properties of the system are calculated using Kwant package 33 with the Hamiltonian in eq. (1) discretized on a 3D mesh with spacing a = 7 nm and infinite input (normal) and output (normal/superconducting) leads. For a given V QPC and excitation energy ε we obtain the scattering matrix of the system from which we subsequently extract electron r e (ε) and hole r h (ε) reflection submatrices. Finally, we calculate thermally averaged conductance for injection energy E = −eV according to
where the Fermi function
2 + r h (ε) 2 . We assume chemical potential to be µ = 30 meV, which gives N = 3 spin-degenerate modes in the leads. The presented results are obtained for T = 70 mK and InSb effective mass m * = 0.014m e .
Data availability. All data is available at Ref. 38 . The code used for the simulations is available upon request. (black) and subgap (red) conductance for device C, where G s enhancement reaches 1.9 × 2e 2 /h. 
